Glutamatergic synapses show large variations in strength and shortterm plasticity (STP). We show here that synapses displaying an increased strength either after posttetanic potentiation (PTP) or through activation of the phospholipase-C-diacylglycerol pathway share characteristic properties with intrinsically strong synapses, such as (i) pronounced short-term depression (STD) during high-frequency stimulation; (ii) a conversion of that STD into a sequence of facilitation followed by STD after a few conditioning stimuli at low frequency; (iii) an equalizing effect of such conditioning stimulation, which reduces differences among synapses and abolishes potentiation; and (iv) a requirement of long periods of rest for reconstitution of the original STP pattern. These phenomena are quantitatively described by assuming that a small fraction of "superprimed" synaptic vesicles are in a state of elevated release probability (p ∼ 0.5). This fraction is variable in size among synapses (typically about 30%), but increases after application of phorbol ester or during PTP. The majority of vesicles, released during repetitive stimulation, have low release probability (p ∼ 0.1), are relatively uniform in number across synapses, and are rapidly recruited. In contrast, superprimed vesicles need several seconds to be regenerated. They mediate enhanced synaptic strength at the onset of burst-like activity, the impact of which is subject to modulation by slow modulatory transmitter systems.
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posttetanic potentiation | short-term plasticity | calyx of Held | Munc13 | phorbol ester G lutamatergic synapses display a variety of dynamic changes in response to stimulation with action potential (AP) trains, ranging from immediate short-term depression to facilitation followed by depression (1) . Both pharmacological (2-6) and molecular (7-9) perturbations have been described, which change such patterns from one to the other in a given synapse. Short-term plasticity (STP) has been shown to underlie many basic signal processing tasks of circuits in the central nervous system (10) (11) (12) (13) and rapid changes of STP have been considered "... to be an almost necessary condition for the existence of (short-lived) activity states in the central nervous system" (ref. 14, p. 247) . The balance between facilitation and depression is shifted during posttetanic potentiation (PTP) (15) and behavioral states are dynamically regulated by STP (16) . Regulation occurs through slow, modulatory transmitter systems (17, 18) . However, many open questions regarding the mechanisms underlying such changes remain. Modulation of presynaptic voltage-gated Ca 2+ channels by slow transmitter systems is probably the most powerful mechanism of changing release probability (p) of synaptic vesicles (SVs) (19) (20) (21) . Changes in intrinsic [Ca 2+ ] i sensitivity of the release apparatus also contribute and have been investigated in the context of the phospholipase-C-diacylglycerol (PLC-DAG) signaling pathway (22) (23) (24) (25) (26) and posttetanic potentiation (15, (27) (28) (29) (30) , but the influence of this modulation on STP is less well understood.
Here, we describe heterogeneity of STP among synapses in the medial nucleus of the trapezoid body (MNTB)-the calyces of Held. AP-evoked excitatory postsynaptic currents (EPSCs) vary in amplitude by more than a factor of 5 among calyx synapses and display divergent STP patterns (31) . We show that such variability is similar to differences that can be experimentally induced by application of the DAG analog phorbol 12,13-dibutyrate (PdBu) and we explore the hypothesis that intrinsic heterogeneity of synaptic strength among synapses is caused by different degrees of activation of the PLC-DAG pathway, possibly due to the action of slow modulatory transmitter systems. We find that the very pronounced heterogeneity in p and synaptic strength among resting synapses rapidly vanishes during repetitive AP firing, such that EPSCs at steady state (EPSC ss ) become very similar, both during high-frequency stimulation and after conditioning with low-frequency trains. The remaining variability observed under such conditions shows very little correlation with the pronounced synapse to synapse variability of the initial EPSCs (EPSC 1 ). Last but not least we find that EPSCs augmented by PTP share many features with those potentiated by PdBu application or by intrinsic modulation-in particular, a rapid loss of potentiation during repetitive stimulation.
We show that these findings can be quantitatively explained by a model, which assumes that resting synapses are endowed with a variable fraction of SVs, typically about 20-40%, that are in a "superprimed" state of elevated p (32). Application of PdBu or induction of PTP substantially increases the fraction of superprimed SVs and thereby the average p. During repetitive stimulation, responses of different synapses become more and more similar because superprimed SVs are consumed early, leaving normally primed SVs behind. Superpriming is a slow process, taking several seconds. It generates SVs with high p whereas normal priming is fast and supplies SVs with low p Significance Short-term plasticity (STP) of synaptic connections underlies many basic signal processing capabilities of the brain, such as gain control, temporal filtering, and adaptation. Glutamatergic synapses, the predominant excitatory synapses in the brain, display large variability both in basal synaptic strength and in STP. We show that a small fraction of release-ready vesicles are released with much higher probability than other vesicles. The number of these "superprimed" vesicles is variable among synapses, but increases strongly after application of phorbol ester, an analogue of the second messenger diacylglycerol, and after inducing posttetanic potentiation. Thus, modulatory transmitter systems, acting through the phospholipase-C-diacylglycerol pathway, will be able to upregulate superprimed vesicles and thereby boost synaptic strength at the onset of burst-like activity.
that maintain synaptic responses during sustained stimulation. Slow superpriming induced by activation of the PLC-DAG pathway has been observed before in the calyx of Held under voltage clamp, using step depolarizations (33) . In hippocampal synapses, superpriming was shown to depend on the presence of at least one isoform of rab3 (32) . We discuss our data in terms of a parallel SV pool model, in which normally primed and superprimed SVs reach their release-ready state independently. However, our data are equally compatible with a sequential process during which primed SVs mature to reach the superprimed state. We stress that the distinction between normally primed and superprimed SVs is not related to the previously described pools of slow and fast SVs at the calyx of Held (34) . Rather, our data on AP-evoked EPSCs presented here demand that the latter needs to be subdivided, to accommodate normally primed and superprimed vesicles, respectively.
Results
Heterogeneity Among Release-Ready SVs. Calyces of Held represent a well-defined and homogenous population of axosomatic synapses that are thought to function as simple sign-inverting relays. For the majority of our experiments (Figs. 1-5) we stimulated afferent axons giving rise to calyx terminals and recorded AP-evoked EPSCs, using acute brainstem slices from P13-16 rats, as described previously (35) . Some experiments were also performed using cultured hippocampal neurons (Fig. 6 ). When recording from voltage-clamped MNTB principal neurons and comparing EPSCs of different calyx synapses in response to trains of afferent fiber stimuli at frequencies ≥50 Hz, we can observe marked differences in their short-term plasticity. Fig. 1 gives three examples: One synapse shows pronounced depression at 50 Hz, 100 Hz, and 200 Hz (Fig. 1A) ; another synapse shows depression at 50 Hz, although with indications of some facilitation, superimposed onto depression for both 100 Hz and 200 Hz (Fig. 1B) ; and a third synapse shows pronounced net facilitation initially, followed by depression (Fig. 1C) . In these examples the synapse with the strongest depression had the largest EPSC 1 . When responses recorded from 23 synapses under identical conditions are analyzed with respect to their EPSC 1 and paired-pulse ratios (PPRs), a scatter plot of these two parameters shows a prominent correlation (Fig. 2 , symbols with light colors). Such behavior has been described for other glutamatergic synapses before (36) (37) (38) and is generally interpreted in the sense that synapses with large EPSC 1 have high p, which leads to substantial depletion of SVs already during the first few EPSCs.
Differential Slow Modulation of p as a Likely Basis of Heterogeneity.
Some morphological variability seen among calyces of older mice (P16-19) has been reported to correlate with functional parameters (31) . Here we explore possible mechanisms that generate functional heterogeneity among calyces. We considered that there may be constitutively active modulatory influences by slow transmitter systems (17, 18) , which affect individual synapses differently. Many such influences operate through signaling pathways involving PLC and DAG. The DAG analog PdBu has been shown to increase EPSCs by a factor of 2-5 at the calyx (22, 23) , mainly by increasing p. We therefore compared synaptic strength and STP in calyx synapses before and after application of PdBu. The set of 23 synapses analyzed in Fig. 2 includes seven cells, for which EPSCs were recorded both under control conditions (symbols with light colors) and after application of 1 μM PdBu (symbols with dark colors). Strikingly, EPSCs recorded in the presence of PdBu follow the same relationship between PPR and EPSC 1 as seen under control conditions, extending the plot toward more than two times larger EPSC 1 . This finding suggests that similar processes may generate the heterogeneity of synaptic strength among individual calyx synapses and the potentiation of EPSCs by PdBu.
Another more surprising observation is that the heterogeneity, which is observed among rested synapses, quickly vanishes during repetitive high-frequency stimulation. Likewise, potentiation induced by application of PdBu quickly diminishes during EPSC trains. Fig. 3A compares two synapses (blue and red), selected to represent large differences in EPSC size. They were stimulated at a frequency of 200 Hz, both under control conditions (open symbols) and during application of 1 μM PdBu (solid symbols). Despite a more than fivefold difference in EPSC 1 , the amplitudes converge to a similar steady state (EPSC ss ) during repetitive high-frequency stimulation. This convergence does not approach zero, as seen in Fig. 3A , Inset, where the late sections of the EPSC trains are shown at expanded amplitude scale. Plotting EPSC ss against EPSC 1 for 200-Hz trains recorded in the larger sample of 23 synapses shows that there is little correlation between these two quantities (Fig. 3C , bottom trace, blue symbols). This plot includes both control (open symbols) and PdBu data (solid symbols) together with a fit to the combined datasets. If the sets are fitted separately, very similar regression lines with small slopes (0.014 ± 0.014 for control and 0.012 ± 0.01 for PdBu) are obtained. This result, again, points toward similar mechanisms underlying both endogenous heterogeneity and PdBu potentiation.
At the calyx of Held, potentiation of neurotransmitter release by 1-oleoyl-2-acetyl-sn-glycerol (OAG), a more physiological substitute for PdBu, has been interpreted as a slow maturation process of SVs, following their recruitment to the readily releasable pool (33) . This process was found to display distinct pharmacology, involving PLC and DAG, and to take several seconds for completion. Likewise superpriming, described by Schlüter et al. in hippocampal neurons (32), was found to be slow to recover after high-frequency stimulation. We reasoned that the slowness of superpriming may be the cause for both the convergence of EPSC amplitudes of different synapses and the collapse of PdBu-induced potentiation during repetitive stimulation. Late in a high-frequency train, SVs are newly recruited and consumed in rapid succession. Thus, only a minority of released SVs will be superprimed, if superpriming is slower than normal priming. We therefore stimulated the same two synapses illustrated in Fig. 3A at 2 Hz to allow more time for superpriming in between stimuli (Fig. 3B) . As expected, steady-state EPSCs at 2-Hz stimulation mirrored to a large extent the differences in EPSC 1 . Scatter plots of EPSC ss vs. EPSC 1 at lower frequencies (Fig. 3C) show distinct correlations between the two quantities, which are stronger, the lower the frequencies. In Fig. 3C , each symbol (color coded for frequency) represents one synapse at that frequency. Data points for a given frequency from different synapses are well approximated by straight dashed lines. In all cases, data obtained in the presence of PdBu (solid symbols) are perfectly consistent with those obtained under control conditions (open symbols), strengthening the notion that endogenous variations among resting synapses and potentiation induced by PdBu application are generated by the same mechanism.
The line fits for 100-Hz and lower stimulus frequencies converge at x and y values near −0.5 nA (Fig. 3C, Inset) . Assuming that EPSCs reflect a sum of contributions from normally primed SVs (SV n s) and superprimed SVs (SV s s), this convergence finds an appealing interpretation: SV n s uniformly contribute about −0.5 nA to EPSC 1 in all synapses. An additional EPSC component that is variable in amplitude among different synapses is contributed by SV s s. A formal treatment of such a "parallel pool model" is provided in SI Text. For such a model, synapses with increasing contributions of SV s s to the EPSC move up along the line fit of the scatter plot. Given the mean EPSC 1 of −1.78 nA and assuming the contribution of SV n s to be about −0.5 nA, we conclude that SV s s contribute an average of −1.28 nA. However, because of the approximately 5 times higher release probability, the number of release-ready SV s s needs to be only 0.51 times that of SV n s to contribute −1.28 nA to the EPSC. Thus, we may conclude that SV s s account for approximately one-third of all primed vesicles. The slope of the (Δy/Δx) plot reports the ratio of EPSC ss over EPSC 1 for the SV s component. According to the model, the slope depends only on the SV s component and thus provides valuable information about superpriming. Ratios of EPSC ss over EPSC 1 are commonly used to quantify short-term depression (STD), although they may be influenced by facilitation (increase in p) and by desensitization. We therefore refer to the slope for a given frequency as depression (STD) of the SV s component, keeping in mind that this may represent a simplification.
Our finding that such data for several frequencies and across many cells, both for control and in the presence of PdBu, can well be approximated by straight converging lines can be taken as evidence that (i) synaptic responses have a SV n component, which is similar among individual synapses and displays little STD for stimulus frequencies of 0.5-50 Hz; (ii) there is an additional, variable component contributed by SV s s displaying strong STD even at low frequencies; and (iii) PdBu predominantly modulates the variable SV s component. A simple two-pool model corroborates these conclusions in a quantitative way (SI Text).
Time Course of Consumption of the SV s Component and Its Frequency
Dependence. Assuming that SV s and SV n contributions to EPSCs are additive and that the latter is relatively uniform among individual synapses, it is straightforward to determine the time course of the SV s contribution during stimulus trains by forming differences between EPSC amplitudes obtained in synapses with either high or low contributions of SV s to the EPSCs (32). We refined this approach by allowing for the fact that SV n components may not be exactly the same for high-SV s and low-SV s synapses due to cell-to-cell variations. Thus, we did not subtract the entire low-SV s response from the high-SV s response, but a fraction of it. The criterion for selecting the fraction (usually very close to 1) was that the resulting EPSC component contributed by SV s s has a depression ratio, determined by the slope in Fig. 3C , which is 0.036 ± 0.008 for 100-Hz stimulation. Fig.  4A shows three examples of such amplitude time courses, normalized to an initial value of 1 (green traces, right ordinate) and an exponential fit to their average (black dashed curve). These traces are normalized because the absolute amplitudes unfortunately do not provide information about the sizes of the SV s pools of individual synapses, but report only differences (details in Fig. 4 legend) . Nevertheless, we can calculate the release probability of SV s (p s ) because it is the ratio of EPSC 1 over pool size, for which absolute pool sizes cancel out. To do so, we calculated normalized SV s pool size by back extrapolation of a linear fit to the cumulative version of the normalized average time course of Fig. 4A (red traces), as described previously (39, 40 ). The SV s pool size was found to be 1.99 ± 0.02 (in units of EPSC 1 ). Thus, EPSC 1 consumes a fraction of 1/1.99 of the SV pool, corresponding to p s = 0.497 ± 0.005 (note that here and in the following text subscripts, s and n are used for denoting parameters for superprimed and normally primed vesicles, respectively).
Another p s estimate can be obtained from the time constant of an exponential fit to the average decay time course of the component contributed by SV s s to each EPSC during trains (Fig. 4A ). For a simple depletion model (SI Text) the time constant τ s of approach to steady state is determined by both p s and the priming rate constant. Its inverse is just the sum of both quantities, if τ s and priming rate constant are measured in units of the interstimulus interval (ISI). For a SV pool, which depletes almost completely-such as the SV s pool during 100-Hz stimulation-the priming is slow, relative to SV consumption, and therefore p s is close to 1/τ s . The exponential fit to the average time course shown in Fig. 4A has a decay τ s = 1.43 ± 0.08 ISIs, corresponding to p s = 0.70 ± 0.04. This value is significantly larger than the p s estimated from EPSC 1 and SV s pool size above (0.497 ± 0.005). This difference is most likely due to facilitation building up during the stimulus train, because the exponential fit describes the approach to steady state toward the end of the EPSC trains, whereas the first estimate was largely based on EPSC 1 . Taking the ratio of the two p s estimates, we may conclude that facilitation, expressed as an increase in p s , enhances release by a factor of 1.41.
In Fig. 4B we explore the frequency dependence of the steady state of the SV s component. Slopes of line fits of Fig. 3C are plotted against the logarithm of stimulus frequency. We discuss these slopes, which are ratios of steady-state over initial amplitudes of the isolated SV s components, in terms of the abovementioned parallel pool model. The model assumes that a given pool of SVs is consumed at a rate constant proportional to p and stimulus frequency. This pool is refilled with rate constant k + . The size of it is assumed to be variable among synapses and modulated by PdBu or by induction of PTP. In addition to the SV s pool, there is a fixed-size SV n pool, the properties of which are further discussed below (SI Text). Disregarding possible effects of facilitation and desensitization, such a model predicts that STD of the SV s component (reported by the slope of the line fits in Fig. 3C for a given stimulus frequency) is given by 1/(1 + f/f s ), where the characteristic frequency f s is the ratio of the priming rate constant k +,s (in units of 1/ISI) and the release probability p s of the SV s pool. When trying to fit measured slopes ( Fig. 4B) with this relationship and assuming both k +,s and p s to be constant, the results are not compatible with the data (light red dotted curve in Fig. 4B , which we consider the best fit under this constraint). Using a Michaelis-Menten-type function for a frequencydependent k +,s and constant p s = 0.5, however, provides a good fit (Fig.  4B, solid red line) . Fig. 4B also includes k +,s values, both for the case of a frequency-dependent modulation of the priming rate (solid blue trace) and, for comparison, the constant priming rate of 0.8 s −1 (dotted blue horizontal line). The frequency dependence of k +,s , which spans almost a factor of 5 in the frequency range of 0. figure 2C ). Together the data show that for stimulus frequencies >20 Hz the contribution of SV s s to EPSC ss is <10% under our recording conditions due to a combination of slow priming and high p. It should be noted that the pool filling state would be predicted to be even lower than 10%, if p s were assumed to increase due to facilitation. Below, we show that the priming rate of SV n s is about six times faster than that of SV s s, whereas their p is at least three times lower.
Conditioning Stimulation Reveals Properties of Normally Primed SVs.
Considering that under control conditions (absence of PdBu) most of the SV s component is strongly depressed during ongoing stimulation, the majority of release at steady state must be contributed by SV n s. Based on the data of Fig. 4B , we expect that even at frequencies as low as 10 Hz the SV s pool is depleted by more than 80%. This finding opens the possibility to study the properties of SV n s in isolation with little contamination from SV s s. For instance, if a 100-Hz stimulus train is applied after 10-Hz conditioning stimulation, we expect to observe during the 100-Hz episode mainly the STP dynamics of SV n s. This result is illustrated in Fig. 4C , where EPSC train amplitudes during the 100-Hz phase are plotted against stimulus number, both for nonconditioned (symbols with dark colors) and for conditioned trains (symbols with light colors). Average EPSC amplitudes from two groups of synapses (n = 3 each) are compared. The first group consists of synapses with relatively large EPSC 1 (blue symbols), whereas for the other group synapses with smaller EPSC 1 were selected (red symbols). The comparison shows that conditioning evens out differences among synapses and turns short-term depression into initial facilitation followed by depression. A similar analysis performed on EPSCs recorded in the presence of PdBu showed that 10-Hz conditioning has a similar effect on PdBu-potentiated synapses (n = 4), rendering initial amplitudes more similar and increasing PPR from a control mean value of 0.67 to 1.23.
A conversion of STD into pronounced facilitation by conditioning stimulation was shown previously (41) and interpreted as a reduction in release probability. In the light of the present study, the reduced release probability is seen as a selective depletion of SV s s. However, even after 10-Hz conditioning, the EPSC trains shown in Fig. 4C may still contain a small SV s component, which is reduced to approximately one-fifth at steady state for this frequency. Nevertheless, except for the first few EPSCs, any contribution of SV s s during 100-Hz stimulation must be minor, because the SV s component is reduced to 4% at that frequency. At steady state, the total consumption of SVs is balanced nearly exclusively by recruitment of new SV n s. We therefore can conclude that SV n s are primed at a rate of ∼50 SVs per ISI or 5,000/s (assuming an represent control conditions. The data for a given frequency are leastsquares fitted by straight lines, the slopes of which change strongly with frequency. The line fits for lower frequencies (0.5-100 Hz) intersect at a common point (Inset reproduces the line fits without data points). The black dashed line is the identity line (slope = 1), which represents the case that EPSC ss equals EPSC 1 (no depression). Note that even the 0.5-Hz line fit has a slope lower than one. 1 , depressing to about 4%, superprimes only 8 SVs per ISI. In this sense, one can conclude that superpriming is about sixfold slower than normal priming at 100-Hz stimulation. However, p n , the p of SV n s, is substantially lower than that of SV s s, as the following consideration shows.
EPSC amplitude of
As detailed above, the inverse time constant for the approach of EPSC amplitudes to steady state is the sum of the priming rate constant k + (in units of ISIs) and p. Unlike the priming rate constant of SV s s, that of the SV n pool is large and not negligible, such that p n < 1/τ n . Fitting exponentials to the late phases of several sets of 100-Hz EPSC trains conditioned by 10 Hz stimulation, such as those illustrated in Fig. 4C , we obtained an average value for τ n of 5.4 ISIs. Thus, we can conclude that p n at steady state is <0.18. This value is considerably lower than the estimated p s of 0.7, as obtained above with the same method. Similar to the estimated p s , the value of 0.18 may represent a facilitated synapse, such that the initial p n may well be in the range of 0.1-0.15. In the case that the pool of SV n s is depleted to only 50%, the initial p n may be further decreased by one-half. Unfortunately, more accurate values for p n and k +,n are hard to obtain due to the uncertain residual filling state of the SV n pool. The important finding, however, remains that at rest p n << p s . During high-frequency stimulation SV s s are rapidly depleted, such that release is supported mainly by SV n s. Due to facilitation, however, p of these remaining SV n s will increase as stimulation continues and p n may increase to about 40% of p s 's initial value. For this reason, it is hard to distinguish the two components kinetically, unless a detailed analysis is performed. Furthermore, our results suggest that the superpriming rate is [Ca 2+ ] I dependent and quite low at low stimulation frequencies (Fig. 4B, ] i is near baseline during most of the SV s pool recovery period. Given the basal superpriming rate constant of 0.5 s −1 (see above), the time constant of recovery will therefore be in the seconds range. In contrast, priming of SV n s is fast, at least during high-frequency stimulation. Even if it were slower at rest, substantial refilling of the SV n pool might occur while [Ca 2+ ] i is still elevated after stimulus trains. Discharge rates in the rodent peripheral auditory pathway are quite high in vivo, even in the absence of acoustic stimulation [median = 10-20 Hz (42)]. Given the low rate of superpriming, this may imply that the pool of SV s s is mostly in a depleted state under physiological conditions. However, two considerations will qualify such a conclusion: (i) Our estimate of eight SV s s being primed per 10 ms (100 Hz) relates to room temperature. Given a strong temperature dependence of the priming process (43) , this rate may double at physiological temperatures. (ii) The estimate represents control conditions. Assuming that endogenous modulators have an effect similar to that of PdBu application, the contribution of SV s s may be tripled. In combination, these two effects may lead to a superpriming rate of 48 SV s s per 10 ms or 120 vesicles per ISI at 25 Hz. Thus, effective modulation of synaptic strength and shortterm plasticity by SV superpriming may very well occur also under physiological conditions.
Posttetanic Potentiation Shares Properties with PdBu Potentiation
and Intrinsic Variability. Posttetanic potentiation is a form of medium-term plasticity (44) , during which p (27, 45) and, to a lesser extent, also pool size (15, 46) are increased. It is induced by seconds-long high-frequency stimulation after which synaptic strength is transiently elevated and decays back to control values over several minutes. We hypothesized that PTP may be mediated through a transient increase of the SV s pool and asked whether PTP shares properties with PdBu potentiation, as well as with the intrinsic heterogeneity of synaptic . Three examples are shown, each of which was calculated as a difference between average 100-Hz train responses from a set of synapses with large EPSC 1 minus the corresponding average from synapses with small EPSC 1 multiplied by a weighting factor (0.87, 0.822, and 1.06 for the three traces). The lowest trace displays a very rapid decay toward zero, followed by some rebound. This may indicate some residual AMPAR desensitization that is relieved when quantal content is reduced toward steady state. The black dashed curve represents a least-squares fit of an exponential plus baseline to the average of the traces. Superimposed is the cumulative version of the average trace (red circles, left ordinate), together with a line fit to the amplitudes of EPSC 11 to EPSC 25 . (B) Frequency dependence of the steady-state occupancy of the SVs pool. Slopes of line fits from Fig. 3C are plotted against the logarithm of the stimulus frequency (red symbols) together with an adequate fit (solid red curve) and a fit for a fixed priming rate constant of 0.8 s (dotted light red curve). Superimposed are the rate constants used for the fits (blue curve, right ordinate). These were either fixed at 0. To analyze other features of PTP, we concentrated on those synapses that showed relatively strong PTP (≥90%). These were seven synapses, with 13 cycles of PTP induction and recovery. The average time course of PTP induction and decay is shown in Fig. 5B . PTP is induced at time 0, causing more than doubling of EPSC 1 (average increase = 134 ± 10%, estimated by the procedure described above). After PTP induction, EPSC 1 amplitudes decayed back to control values with a time constant of 155 ± 16 s. For comparison, Fig. 5B also illustrates PTP-induced changes in EPSC ss , for both 100-Hz and 10-Hz stimulation. Contrary to EPSC 1 , late EPSCs during 100-Hz trains were hardly changed by PTP induction. This finding is consistent with the assumption that PTP primarily increases the contribution of SV s s to the EPSC, which are nearly depleted at steady state during 100-Hz trains. The 10-Hz EPSC ss shows only slight potentiation, similar to what was observed for PdBu-induced potentiation of EPSC ss at this frequency and compatible with the slope of the 10-Hz regression line in Fig. 3C .
To visualize changes in short-term plasticity within EPSC trains recorded in potentiated synapses, we calculated average EPSC amplitudes for 100-Hz trains at four time points along the cycles of control-PTP-induction-recovery. The traces are denoted as control (before induction of PTP, black), early (2nd and 3rd train after PTP induction, disregarding the very first EPSC 1 ), medium (4-6th train), and late (8-10th train) (Fig. 5C) . Results from train stimulation both with (Fig.  5C , blue symbols) and without (Fig. 5C , red symbols) preceding 10-Hz conditioning stimulation are shown. In agreement with ref. 15 we found that differences between the EPSC trains measured before and those measured at various time points after PTP induction vanish after three to five stimuli. These findings are consistent with a rapid depletion of SV s s and are similar to those shown in Fig. 3A , where the differences between 200-Hz EPSC trains either were induced by PdBu application or else reflect intrinsic heterogeneity among synapses. Likewise for EPSC trains following conditioning stimulation (Fig. 5C , blue curves) the differences between control and PTP potentiated cases are very much reduced. Also, a sequence of facilitation followed by STD is observed throughout, In contrast, 100-Hz EPSC trains without conditioning stimulation display pronounced STD, when recorded early after PTP induction.
In Fig. 5D we plot EPSC ss vs. EPSC 1 in analogy to Fig. 3C . Here EPSC ss values for the different time points before and after PTP . In addition, EPSC ss s are shown for 10 Hz (black circles, average of EPSC 6 to EPSC 10 ) and for 100 Hz (gray circles, average of EPSC 21 to EPSC 25 ). (C) Average EPSC amplitudes during 100-Hz stimulation are plotted against stimulus number, for trains both without (red curves and upper black curve) and with (blue curves and lower black curve) preceding conditioning stimulation (10 stimuli, 10 Hz). Averages were calculated for the same early, medium, and late time points as chosen in A2. (D) Average EPSC ss s before and at early, medium, and late time points after PTP induction were calculated as in B and plotted against the corresponding EPSC 1 for both 100 Hz (green circles) and 10 Hz (cyan circles). Superimposed on the data are both regression lines to the scatter plots (dashed lines) and, for comparison, the corresponding line fits from Fig. 3C (dotted lines) .
induction (control, early, medium, and late) are plotted against the respective EPSC 1 both for 100-Hz trains (green symbols) and for 10-Hz trains (cyan symbols). Despite the narrow dynamic range of PTP-induced EPSC amplitude changes, the data points show a clear trend and converge at low values. They intersect at −0.353 nA (dashed lines), similar to the case of Fig. 3C . For comparison, the linear fits for the 10-Hz and 100-Hz data points of Fig. 3C are included (Fig. 5D,  dotted lines) . This comparison shows that amplitude changes observed during various degrees of PTP are well compatible with the idea that they represent various degrees of superpriming. The finding that PTP is almost absent from EPSC ss even for a stimulus frequency as low as 10 Hz is readily explained by the slow refilling of the SV s pool (Fig. 4B) .
Together our data indicate that four dynamic features of EPSCs evoked by train stimulation, such as (i) pronounced STD during highfrequency stimulation, (ii) a conversion of that STD into a sequence of facilitation followed by STD after a few conditioning stimuli at low frequency, (iii) an equalizing effect of such conditioning stimulation, which reduces differences among synapses and reduces potentiation, and (iv) a requirement of long periods of rest for reconstitution of the original STP pattern, are shared by PdBu potentiation and PTP. Together with the finding that PTP is partially occluded in synapses with large EPSC 1 (27) , our results strongly suggest that both PTP and PdBu potentiation have a common basis.
Heterogeneity Among Individual Active Zones? Heterogeneity with features very similar to those described here was observed among individual boutons in cultured hippocampal neurons by Waters and Smith (47) . Using styryl dyes, these authors reported remarkable heterogeneity in the rate of FM1-43 destaining, when measured during 1-Hz stimulation. When stimulating at 10 Hz, however, much less heterogeneity was observed, except for the initial 10-30 responses. These findings recapitulate our results shown in Fig. 3 , albeit at lower stimulus frequencies. Waters and Smith suggested that heterogeneity arises from differential partitioning of SVs between the readily releasable pool (RRP) (measured by sucrose stimulation) and the recycling pool (measured by styryl dyes). We hypothesized that a subdivision of the RRP into primed and superprimed components might offer an alternative explanation for their observations. To test this hypothesis, we expressed the novel glutamate sensor iGluSnFR (48) in cultured hippocampal neurons and applied a 10-Hz field stimulation either with or without 1-Hz preconditioning. This method allowed us to measure simultaneously the release of Glu in response to individual stimuli at up to 186 boutons in a given imaging frame (Fig. 6 A and B) . In five experiments, in which the signal-to-noise ratio was large enough to allow quantification of the steady-state response size during 10-Hz stimulation, we observed pronounced heterogeneity among presynaptic boutons [coefficient of variation (CV) = 0.61 ± 0.10, n = 5], when analyzing ratios of the initial responses relative to steady state (Fig. 6C) . This heterogeneity diminished for responses measured later during the stimulus trains. In contrast to what we observed during train stimulation of calyx synapses, there was substantial heterogeneity also in the size of steady-state responses (note that traces in Fig. 6C , Lower are normalized with respect to the average of the last five responses). This result probably reflects the wellknown size differences of hippocampal boutons and the "scaling" of EPSCs with respect to SV numbers (37) . Such differences may be averaged out over the several hundreds of active zones of a given calyx terminal.
In agreement with our findings at calyx synapses, the heterogeneity among boutons of cultured hippocampal neurons regarding their initial responses during stimulation with high-frequency trains is reduced after conditioning with low-frequency trains (CV = 0.37 ± 0.05, n = 4, Fig.  6D , compared with 0.61 ± 0.10, see above), indicating that even at frequencies as low as 1 Hz the putative pool of SV s s is partially depleted. These results are consistent with the assumption that heterogeneity among boutons is due to a variably sized SV pool that depletes quickly during the first three stimuli of high-frequency trains or during longer-lasting low-frequency stimulation. This pool cannot represent the entire RRP, because depletion of the latter requires several tens of stimuli. Rather, we propose that-as in the calyx-it consists of a small number of SV s s, which represent only a subset of the entire RRP.
The heterogeneity among individual synaptic boutons is probably averaged out in whole-cell EPSC recordings in hippocampal neurons. Why is heterogeneity nevertheless observed in whole-cell EPSC recordings in MNTB principal neurons? Here, another finding might offer an explanation. As previously reported (38), we observed that p estimates are correlated for neighboring hippocampal boutons. Fig. 6A , Left shows PPRs as color-coded dots, superimposed onto individual synaptic contacts. A clustering of bright spots (high PPR-low p) in certain regions of the dendritic tree is quite obvious. In Fig. S1 we plot the Pearson correlation coefficient (PCC) of PPRs against distance r i,j . To do so, we averaged PCC over all pairs of boutons, which were located within bins of 2.5-μm widths. A pronounced correlation extends over about 10 μm with a length constant of 4.1 μm (Fig. S1 ). These dimensions are comparable with the total extent of a calyx terminal. Therefore, it is well possible that the signal determining the degree of SV superpriming is similar for all active zones in a given calyx terminal, but differs among calyces, whereas it is averaged out in a widely branched dendritic tree of a cultured hippocampal neuron.
Discussion
Several recent studies described perturbations, either pharmacological or genetic, which change the synaptic release probability in the absence of changes in Ca 2+ current, [Ca 2+ ] i dynamics, and SV pool sizes (8, (49) (50) (51) . Whereas changes in the latter parameters are well understood and have been recognized as strong modulators of transmitter release, the mechanisms underlying differences in "intrinsic" release readiness have received less attention. Here, we study three forms of variation in synaptic strength: intrinsic synapse-to-synapse variability; potentiation by the DAG analog PdBu; and PTP, a form of medium-term synaptic plasticity. We show that these three forms of variation display remarkably similar properties, which can be readily and quantitatively explained by the existence of a relatively small subpool of superprimed SVs (SV s s, ∼30%) with high p (∼0.5) that is slowly regenerated upon depletion. Following this notion, differences in the size of this pool generate intrinsic heterogeneity among synapses with respect to the mean p, whereas both PdBu and PTP increase the proportion of SV s s and thereby regulate synaptic strength and plasticity. In contrast, the pool of normally primed SVs (SV n s) is quite similar in size for individual synapses and remains largely unchanged after PdBu application or PTP induction. SV n s have low p and are rapidly regenerated after vesicle fusion. We show that high-frequency activity strongly enhances superpriming, most likely via elevated [Ca 2+ ] i . However, even during 100-Hz trains superpriming is much slower than normal priming. This property, combined with high p of about 0.5, leads to the characteristic kinetic STP features described here, which include rapid depletion of the SV s pool, during both high-frequency stimulation and lowfrequency conditioning, leaving behind SV n s. The latter have low p, which, however, may increase during high-frequency stimulation due to facilitation. Importantly, the majority of SVs consumed during medium-and high-frequency activity are supplied by the SV n s pool, due to its high priming rate. In contrast, the contribution of SV s s is dominant only at very low spike rates and at the onset of burst-like activity.
Molecular Mechanisms Regulating Superpriming of SVs. So far, we have interpreted our results in terms of a parallel model that comprises two pools of SVs that are consumed independently with different p and are replenished at different rates. One of the pools is modulated in its size and rate of priming, whereas the other one is static. Alternatively one may assume that SVs undergo a sequential process of initial priming to a state of low p, followed by a slow step of maturation to a state of higher p, as suggested in ref. 52 for cerebellar mossy fiber terminals. If the two states are in a dynamic equilibrium with each other, heterogeneity will arise by different proportions of SVs residing in the superprimed state at rest. This view further suggests that PdBu and PTP shift the population of vesicles toward the state of high p. Such a sequential kinetic scheme is hard to distinguish experimentally from a parallel one, if the first step in the sequence is fast compared with the second one, as is the case at the calyx synapse. However, irrespective of whether superpriming converts normally primed SVs into superprimed ones or else acts on unprimed SVs directly, it is interesting to explore molecular mechanisms under the assumed constraint that PTP, PdBu-induced potentiation, and Rab3 superpriming (32) are mediated by the same or by similar processes. Basu et al. (26) found that interfering with the C1 domain of Munc13 (a target for DAG action) abolished all PdBu-mediated effects and shifted the synapse into a high p state, similar to a PdBu-potentiated synapse. The authors discussed this effect in terms of two conformational states of Munc13, regulated by binding of PdBu (or DAG) to its C1 domain-one state resulting in high p and the other one in low p. Given the fact that Munc13 is a protein with several regulatory domains responsive to DAG, [Ca 2+ ] I , and calmodulin/Ca 2+ (53) , this protein appears as a central hub for modulatory influences on p and superpriming. This view is corroborated by early work on superpriming (32) , which implicates the Munc13-Rim-Rab3 interaction as another requirement for this SV maturation process. On the other hand, recent evidence assigns decisive roles to specific isoforms of PKC (6, 28) and PKC-mediated phosphorylation of Munc18 (29) to the induction of PTP. However, assuming that PTP and PdBu-induced potentiation act through the same mechanism (evidence provided here) and given the finding that all effects of PdBu are eliminated by disrupting its interaction with Munc13 (26), we may conclude that Munc13 executes both forms of potentiation by regulating the energy barrier for SV fusion (54) . PKC, on the other hand, may enable such regulation through targets, which are part of the release machinery. An example for such enabling reactions is the phosphorylation of Munc18 by PKC (24) .
Previous studies at the calyx of Held separated the entire SV population releasable by long-lasting step depolarizations under voltage clamp into two kinetically distinct pools: (i) a slowly releasable pool (SRP) of about 1,500 vesicles, which can be released by such strong stimulation only (34, 55) and contributes little to AP-evoked EPSCs, and (ii) a fast releasable pool (FRP) of similar magnitude, which contributes the vast majority of SVs released during APs. Evidence provided here suggests that SVs of the FRP need to be further subdivided into normally primed and superprimed ones. The SRP likely represents SVs, which have a perfectly assembled release apparatus, but are localized somewhat less favorably with respect to Ca 2+ channel clusters than FRP vesicles (ref. 56 ; but see ref. 57 ). This, together with the considerations above regarding the molecules involved, suggests an attractive scenario for the case that a sequential reaction scheme applies (51): Release-competent SRP vesicles with a fully functional release apparatus undergo a process of positional priming, which moves them closer to Ca 2+ channels by interaction with the active zone through Rim, Rab3, and Rim binding protein (58, 59) , turning them into FRP vesicles. This process depends on an intact cytoskeleton (33) ] i and by interactions of Munc13 with the abovementioned active zone proteins, possibly including GIT (49) . In the scenario of a parallel model, these interactions would provide a dynamically changing number of sites for superpriming. Augmentation, a form of synaptic plasticity temporally in between STP and PTP (44, 60) , might be represented by the Ca 2+ -dependent superpriming rate (changing the size of the SV s pool in synchrony with global [Ca 2+ ] i ). PTP, on the other hand, would be brought about by a change in the set point of the SV n -SV s partitioning or else by the establishment and disappearance of SV s sites under the influence of more slowly changing second messengers and by phosphorylation reactions.
Superpriming May Be a Widely Spread Phenomenon Among Excitatory
Synapses. The characteristic features of superpriming, as described here, have been observed at glutamatergic synapses in a variety of contexts. Heterogeneity among individual hippocampal synapses has been described both for slice preparations (37, 61) and for cultured hippocampal neurons (38, 62) . Hanse and Gustafsson analyzed this heterogeneity at single release sites in the CA1 area of the hippocampus (63, 64) . Their findings are reminiscent of the features reported here for calyx synapses. These features include large variability and rapid depletion of a small "preprimed pool" during stimulation, lack of correlation of first response amplitudes with the average release during trains, and accelerated priming during trains. Using styryl dyes and cultured hippocampal neurons, strong heterogeneity of release was observed among individual boutons, when stimulating at 1 Hz, whereas synaptic strength was more uniform, with some of the remaining heterogeneity disappearing after a few stimuli, when stimulating at 10 Hz (47). Ishiyama et al. (65) describe a decrease in p in granule cell to basket cell synapses of the cerebellum of Munc13-3 −/− mice. They interpret their observations as a loss of a superpriming action of Munc13-3. A small number of release sites with especially high release probability were postulated to mediate release during low-frequency stimulation at the neuromuscular junction (66) . Taken together, these results suggest that superpriming is a widely spread mechanism among excitatory synapses. It provides enhanced synaptic strength for a few initial APs during a burst of activity. This enhancement happens only when AP bursts have been preceded by periods of quiescence of a few hundred milliseconds. Its impact on network properties can be modulated by slow neurotransmitter systems.
Materials and Methods
Slice Preparation and Electrophysiology. Juvenile, posthearing (P13-16) Wistar rats of either sex were used. All experiments complied with the German Protection of Animals Act and with the guidelines for the welfare of experimental animals issued by the European Communities Council Directive. Brainstem slices were prepared as previously described (35) . Whole-cell patch-clamp recordings were made from principal neurons of the MNTB, using an EPC-10 amplifier controlled by "Pulse" software (HEKA Elektronik). Action potentials were elicited by afferent fiber stimulation. All experiments were carried out at room temperature in the presence of 1 mM kynurenic acid to minimize AMPAR saturation and desensitization (SI Materials and Methods).
Statistical Analysis and Model Calculations. Offline analysis was performed using "Igor Pro" (Wavemetrics). Original data are presented as mean ± SEM. SDs of parameters are given as provided by Igor Pro curve-fitting programs. For derived quantities (products, ratios, etc.) SEM was calculated assuming Gaussian error propagation.
Optical Measurements. Primary hippocampal neuron cultures were prepared from 1-d-old Wistar rats according to the regulations of the Max Planck Society. Calcium phosphate-mediated transfection of neurons with iGLuSnFR (Addgene plasmid 41732) was performed at 3 d in vitro (DIV) and experiments were performed at DIV 14-21. Images were acquired at 100 Hz with a Zyla 5.5 sCMOS camera (Andor Technology). Action potentials were elicited by field stimulation. All experiments were performed at room temperature (SI Materials and Methods).
